Biodiesel synthesis reaction routes from palm oil using plasma electro-catalysis process over DielectricBarrier Discharge (DBD) plasma reactor were studied. The study was focused on finding possible reaction mechanism route during plasma electro-catalysis process. The prediction was performed based on the changes of Gas Chromatography Mass Spectrometer (GC-MS) and Fourier Transform Infra Red (FT-IR) analyses to the biodiesel products with respect to time length of plasma treatment. It was found that main reaction mechanism occurred in the plasma electro-catalysis system was non-thermal pyrolysis rather than transesterification. The main reactions within the plasma treatment were due to collision between high energetic electrons (supplied from high voltage power supply through high voltage electrode) and the reaction mixtures. The high energetic electrons affected the electrons pair of covalent bonding to be excited or dissociated even ionized at higher energy. Therefore, this plasma electro-catalysis system was promising for biodiesel synthesis from vegetable oils due to only very short time reaction was needed, even no need a catalyst, no soap formation, and no glycerol by-product. This system could produce fatty acid methyl ester yield of 75.65% at 120 seconds and other possible chemicals, such as alkynes, alkanes, esters, carboxylic acid, and aldehydes. However, during the plasma process, the reaction mechanisms were still difficult to be controlled due the action of available high energetic electrons. The advanced studies on how to control the reaction mechanism selectively in the plasma electro-catalysis will be published elsewhere.
Introduction
Recent worldwide energy policies and increased environmental concerns are driving industry to come up with an alternative fuels, such as biodiesel. Biodiesel is an alternative fuel consisting of fatty acid methyl esters (FAME) produced by transesterification of triglycerides, the main constituent of various kinds of vegetable oil. This renewable fuel can be used in any compression ignition engine without major modifications. Biodiesel fuel is defined as the alkyl esters of long chain fatty acids, which fulfills certain standards. The biodiesel chemical is obtained by the transesterification or alcoholysis of natural triacylglycerols or triglyceride with short-chain alcohols, usually methanol or ethanol. The triglyceride was obtained from various crude such as vegetable oils, animal fats, waste fats and greases, waste cooking oils or side-stream products of refined edible oil production.
The transesterification reaction requires the presence of a catalyst, which can be a base, an acid, or an enzyme to occur at an acceptable rate, although it can be conducted in noncatalytic but supercritical conditions [1, 2] . The base and acid catalysts, most commonly used in biodiesel production, include both homogeneous and heterogeneous catalysts. Until now, homogeneous base catalysts (KOH or NaOH) have been well known used in industry, since the process has fast reaction rate at mild reaction conditions. Unfortunately, their utilization in vegetable oils transesterification has big problems including forming soaps as undesirable by-products in which large amounts of wastewater was resulted, corrosiveness, and needs longer time for separation process.
Therefore, the use of heterogeneous catalysts allows a more environmentally benign process to be used for biodiesel production. The use of heterogeneous catalysts could enhance efficiency of reactor design, enable continuous process, and improve the economics of biodiesel production. The use of heterogeneous catalysts does not produce soaps through free fatty acid neutralization, which simplifies the separation and purification processes. Due to the potential interest of heterogeneous catalyst usage, researches on the transesterification reaction using the solid catalysts for biodiesel production has increased over the past decade. Heterogeneous catalysts could overcome the mentioned problems of homogeneous catalysts usage. In fact, solid acid catalysts have been used in many industrial processes because they contain a variety of acid sites with different strength of Brönsted or Lewis acidity, compared to the homogenous acid catalysts.
Many kinds of solid catalysts for biodiesel production have been investigated by previous researchers including base and acid solid catalysts. The solid base catalyst includes CaObased oxides [3, 4] , lithium-based [5] , and zinc oxide-based catalysts [6] [7] [8] . Heterogeneous solid acid catalysts have been used as an alternative to basic and enzyme catalysts, since they can be used in both transesterification and esterification reactions [9] . However, the acid catalysts require high alcohol-to-oil molar ratios and catalyst concentrations to achieve satisfactory transesterification conversions. The solid acid catalysts include sulphated zirconia [9] [10] [11] [12] . However, the use of solid acid and basic catalysts still have some problems, especially longer duration of reaction, mass transfer resistance between liquid oil and solid catalyst, and separation between phases.
Transesterification of vegetable oils to yield biodiesel can also be performed by microwave irradiation with acid, base, and heterogeneous catalysts [13, 14] , as well as ultrasonic-assisted catalysis [15, 16] . Production of biodiesel by transesterification reaction under microwave irradiation is effective in accelerating the reaction rate. Microwave effect on the transesterification reaction includes enhancement of reaction by a microwave thermal effect. The microwave heating shows a promising technique for biodiesel production in a short reaction time with high product yield. In term of ultrasound technology in biodiesel processing, the use of sonochemistry is also applied in biodiesel production as the ultrasonic field is known to produce chemical and physical effects that arise from the collapse of cavitation bubbles. Low frequency sonication can be used to produce emulsions from immiscible liquids and since oil and alcohol are immiscible, this effect could be employed for biodiesel preparation. Production of biodiesel under ultrasonic processing possesses the following advantages: reduction in processing time, amount of alcohol and catalyst required, separation time and reaction temperature [15] .
Another promising method is the use of plasma technology, whether plasma electrocatalysis or using integrated plasma assistedcatalyst [17] [18] [19] [20] [21] that had been applied for other synthesis. Over the past decade, non-thermal plasmas have been investigated as a way to catalyze the conversion processes of various hydrocarbon fuels into syngas. The nonthermal plasmas are electrically-driven ionized gases that are known to generate chemically active species, such as O and OH, which can act as chain-branching radicals that assist with the propagation of fuel conversion reactions and can lower the temperature required for a reaction to proceed. For this reason, some researchers believed that the non-thermal plasma has a catalytic effect assisting the fuel conversion processes. In plasma processes for the biodiesel production by methanolysis of vegetable oils, electro-chemical reaction is expected to split carbon-carbon bonds within the triglyceride reactants, unlike conventional processes that break weaker carbon-oxygen bonds. Carbon-to-carbon bonds are much stronger and require higher catalytic energy than available in conventional homogeneous and heterogeneous catalysis. The higher electro-chemical catalytic energy also enables addition reaction, attacking the unsaturated double bonds of triglycerides through oxygenation [17, [22] [23] [24] . Oxygen molecules can be supplied by methanol during reaction process, which replace each carbon-carbon double bond to yield a saturated molecule that having better thermal storage stability. A high voltage power supply is required to store more high energetic electrons that help catalysing the methanolysis of triglyceride. However, the detailed mechanisms of the plasma catalysis effect are still unknown. Possible reaction mechanism during the plasma treatment is very important to be known in order to obtain the optimum operating conditions. Therefore, further study on high voltage plasma treatment of vegetable oil to produce biodiesel is importantly required.
The aim of this paper is to study biodiesel synthesis reaction routes from palm oil using plasma electro-catalysis process over DielectricBarrier Discharge (DBD) plasma reactor. The study was focused on finding possible reaction mechanism route during plasma electrocatalysis process. The prediction was performed based on the changes of GC-MS and FT-IR analyses to the biodiesel products with respect to time length of plasma treatment.
Materials and Methods

Materials
Commercial refine palm oil was purchased from local market (Tropicana ®) to be used as raw material of triglyceride, while methanol (Merck, 99.9%) were used as reactant.
Plasma Electro-Catalysis Process
Plasma electro-catalysis reaction of triglyceride with methanol was performed in a Dielectric Barrier Discharge plasma reactor. The DBD plasma reactor was composed of a high voltage electrode, a ground electrode, and a barrier of glass material. The glass barrier, like a dielectric, was placed adhere to ground electrode. The reactor was equipped with DC type high voltage power supply (support up to 15 kV), a high voltage probe (SEW PD-28), and multimeter (Sanwa) to measure the voltage during the reaction process. The high energetic electrons flowed from high voltage electrode to ground electrode through the glass barrier. The glass barrier was purposed to distribute the electrons flowed toward ground electrode.
The plasma electro-catalysis was conducted by filling the reactor with palm oil and methanol with methanol to oil mole ratio of 6:1. Thus, the reactor was heated up to 65 o C, which in turn a DC 10 kV high voltage was applied on the electrode. In this reactor, distance between both electrodes was 1.5 cm, while the ground electrode was connected to earth ground. Effect of discharge duration was studied by varying the reaction or contact time as 30, 120, and 300 seconds, while the methanol to oil mole ratio, voltage, and gap of electrodes were kept constant at 6:1, 10 kV, and 1.5 cm, respectively. Effect of high voltage was investigated by varying voltage as 6, 8, and 10 kV, while the methanol to oil mole ratio, reaction duration, and gap of electrodes were kept constant at 6:1, 120 seconds, and 1.5 cm, respectively. Effect of distance between electrode was investigated by varying the electrodes gap as 1.5, 2.5, and 3.5 cm, while the methanol to oil mole ratio, voltage, and reaction duration were kept constant at 6:1, 10 kV, and 120 seconds, respectively.
Biodiesel Product Characterization
In order to predict the possible reaction routes during plasma electro-catalysis process, the biodiesel product was analyzed by using GC-MS for identification of FAME components (ASTM E202), and FT-IR for identification of chemical structures (ASTM E168) analysis. Beside the components and chemical structure identification, other analysis of important biodiesel characteristics were also performed, they are: density (ASTM D1298), viscosity (ASTM D445), acid value (FBI-A01-03), cetane number (ASTM D613), and heating value (ASTM D1405).
Results and Discussion
Prediction of Reaction Routes withinPlasma Electro-Catalysis System
Possible reaction routes within plasma process is essentially different with other conventional catalytic reactions. Initially, the energetic electrons collide with the liquid bulk molecules resulting in excitation, dissociation, and/or ionization, and the formation of atoms and metastable compounds. When the electric field is high enough to lead breakdowns, a large number of micro-discharges are produced. Thus, these active atoms and metastable compounds subsequently collide with reactant molecules. According to this mechanism, various reactions may occur and mixture of compounds with various compositions may be consequently produced [20, 21] .
In this p lasma e le ctro -cataly sis experiments, the reaction products were analyzed using GC-MS and was confirmed with FT-IR spectra. In fact, reaction between triglyceride and methanol with the presence of high energetic electrons from plasma system at mild duration (120 seconds) can produce various chemicals, i.e. fatty acid methyl ester, aldehydes, alkynes, alcohols, esters, and carboxylic acids as presented in Figure 1 and Table 1 . From Figure 1 and Table 1 , various fatty acid methyl esters were detected, i.e. pentadecanoic acid methyl ester (C17H34O2); 9,12-octadecadienoic acid methyl ester (C19H34O2); 9-octadecenoic acid methyl ester (C19H36O2); pentadecanoic acid methyl ester (C17H34O2); and 9-octadecenoic acid hexyl ester (C24H46O2). Meanwhile, other chemicals were also resulted for 30 seconds reaction time by plasma electro-catalysis process, they were: 1-heptyne (alkyne), octadecanoic acid (carboxylic acid), 1-hexadecanol, and 9-octadecenal (aldehyde). At reaction time of 120 seconds, the following chemicals were also detected, i.e.: 1-heptyne (alkynes), isooctanol (alcohol), hexadecenoic acid (carboxylic acid), octadecanal and 9-octadecenal (aldehydes). Other chemicals, such as gases, were also produced as bubble within reactor and indicated by increasing reactor pressure.
The detected chemicals as revealed by the GC-MS were confirmed with FT-IR from chemical structure point of view as depicted in , 9 (2), 2014, 114 Copyright © 2014, BCREC, ISSN 1978-2993 Figure 2 and Table 2 . From Figure 2 and Table  2 , the detected chemical bondings include: C-H, -CH3, C=O, C-O, C-C, dan O-H. From the facts of IR spectra and confirmed with GC-MS, the following chemicals were predicted, i.e. fatty acid methyl esters, aldehydes, alkynes, alcohols, esters, and carboxylic acids. Fatty acid methyl esters were formed during reaction implied from the following IR spectra as listed in Table 2 , i.e.: stretching mode of C-H alkane and C-H alkene, bending mode of C-H alkane, stretching mode of C=O, stretching mode of C-C and C=O. Alkyne compounds were indicated from stretching mode of C=O, stretching mode of C-H, stretching mode of C≡C, and bending mode of C-H. Alcohol compounds were suggested from detected C-H stretching, C-H bending, C-O stretching, C-C stretching, and O-H stretching. In term of carboxylic acid possibility, stretching and bending modes of C-H, stretching mode of C-O and C=O, and stretching mode of C-C and O-H indicate the presence of carboxylic acids.
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According to the GC-MS and FT-IR identifications as aforementioned, the possible reaction routes occurred in the plasma electrocatalysis system is non-thermal cracking or pyrolysis due to collision between high energetic electrons from plasma source and the reaction mixture. The high energetic electrons Table 3 ) [24, 25] as compared to energy brought by the energetic electrons. Therefore, the plasma electro-catalysis could able to break the chemical bonding to produce the various chemicals. Types and composition of resulted compounds are dependent on the power of plasma or energetic electrons and reactor configuration/design. Another possible reaction mechanism is transesterification reaction which is catalyzed by the energetic electrons. However, with respect to resulted compounds, non-thermal cracking mechanism is dominant rather than transesterification mechanism. The resulted compound groups, such as fatty acid methyl esters, aldehydes, alkynes, alcohols, carboxylic acids, and esters, were formed due to breaking and reforming of chemical bonding during the reaction time. Various chemicals were formed during the plasma electro-catalysis system at 30 and 120 seconds contact time which may be due to continuing chain chemical reactions. The drawbacks of this plasma electro-catalysis are how to control the reaction mechanism, how to drive which bonds will be excited or ionized, and when to stop the plasma electro-catalysis process. In order to avoid the chain reactions, the plasma electro-catalysis should be terminated at very short time of reaction, but the electrons should be having high energy to do the expected reaction mechanism. The higher energetic electrons could be produced by applying higher voltage by power supply and low current.
As mentioned before, the possible dominant reaction routes in this plasma electro-catalysis system was non-thermal cracking or pyrolysis. The possible reaction mechanism in this system was predominantly controlled by higher electrons energy from high voltage electrode than chemical bonding within reaction mixture. The energetic electrons from high voltage electrode have internal energy about 1-10 eV [24] leading to the chemical bonding energy. This electrons energy should be higher than chemical bonding energy to make sure that the covalent bonding to be cracked. Unfortunately, which covalent bonding would be cracked cannot be controlled easily, like in conventional catalysis system. Atomic covalent bonding with lower bonding energy is easier to be cracked than the higher bonding energy.
The following are predicted reactions route and mechanism during the plasma electrocatalysis system of palm oil and methanol: 1. Methanol was collide with high energetic electrons to form excited and dissociated groups or atoms (CH3 * , OH * , H * , CH3O * ) as depicted in Equation (1).
CH3-OH + e  CH3 * + OH * + H * + CH3O *
2. High energetic electrons cut the C-C bonding (3.3 eV) within triglyceride which in turn react with H * from methanol to form methyl ester as described in Equations (2) Ester, FAME, alkane, alkyne, alcohol, aldehyde, carboxylic acid formed from C-C scission in end section of methyl ester chain and reacts with CH * from methanol as predicted in Equations (6) and (7). 6. Alcohols (1-hexadecanol) may be formed due to continuing reaction of Equation (6) with OH * radical as predicted in Equation (8). 7. Some esters (9-octadecenoic acid hexyl ester) are detected due to continuing reaction between result of scission of C-O with product of Equation (6) as predicted in Equations (9) and (10). 8. Carboxylic acid (octadecanoic acid) may be formed in the plasma electro-catalysis system due to reaction between result of Equation (9) with H * from methanol. This route was predicted in Equations (11) and (12) . The acid was also formed due to reaction between result of Equation (4) with OH * from methanol.
Potential of Plasma Electro-Catalysis System for Biodiesel Production
Various plasma sources are currently used for plasma-assisted reactions. Among those, DBD was exclusively used because of its several benefits. The DBD plasma reactor has a and (3). 3. Due to long duration of electrons collision, the fatty acid methyl ester may undergo continuing cracking of C-C and C-O bonding leading to shorter C-C bonding. In this case, formed FAME may undergo continuing cracking or pyrolysis due to too long duration of electrons collision leading to other detected chemicals such as aldehydes, alcohols, esters, and carboxylic acids. The continuing electrons cracking may be caused by higher energy content of electrons and the avalanche electrons. From this phenomena, control of contact time between high energetic electrons and the reactants is very important to favor which chemicals would be produced. 4. The predicted aldehydes formation was implied from scission of C-O bonding in alkyl ester groups and reacted with H * from methanol to form aldehydes compounds as described in Equations (4) and (5). This reaction mechanism prediction is also confirmed by detected long-chain aldehydes. Therefore, formation of aldehyde compounds is due to scission of C-O in methyl ester. (12) long and proven history originating from ozone synthesis [21] . Its fundamental of physical and chemical properties were well understood. This fact indicates that DBD is scalable technology to treat large amounts of gaseous materials. The DBD only slightly transits to unstable spark or arc plasma because of the presence of a dielectric barrier between the gaps. Great flexibility also exists in terms of electrode and reactor configurations. Therefore, the combination of DBD plasma reactor and catalysis is promising in term of plasmaassisted catalysis [17, 18, 20] . Moreover, the reactor can be constructed using inexpensive materials, such as glass and polymers. In terms of gas processing, partially excited, dissociated, and ionized gas, in which the gas temperature remains near room temperature, is readily created using simple electrode configuration and inexpensive power sources. High-energetic electrons produced by high voltage electric fields with low current collide against neutral molecules, producing ions, radicals, and electrically/vibrationally excited species almost independently of the reaction temperature [24] . These species are responsible for triggering fuel conversion at low temperatures.
The electro-catalysis phenomena within methanolysis reaction of triglyceride over DBD plasma reactor was investigated in this paper. The energetic electrons supplied by DC typehigh voltage power supply collide with bulk liquid of mixed triglyceride -methanol to produce other valuable chemicals. In this nonthermal system, the bulk liquid only heated up to about 65 o C which is very far from electrons temperature of about 10 4 K. Consequently, this electro-chemical reaction is expected to split carbon-carbon bonds within the triglyceride reactants, unlike conventional processes that break weaker carbon-oxygen bonds. In fact, carbon-to-carbon bonds are much stronger and require higher energy to cut than that in conventional homogeneous and heterogeneous catalysis. The strong electro-chemical catalytic energy also enables and addition reaction, attacking the unsaturated double bonds of triglycerides through oxygenation. Oxygen molecules can be supplied by methanol during the reaction process, which replace each carbon -carbon double bond to yield a saturated molecule that having better thermal storage stability.
The plasma electro-catalysis system is promising for biodiesel synthesis from vegetable oils due to very short time reaction (main feature of plasma technology), even no catalyst required, no soap formation, and no glycerol by product. From the experimental works, it could produce fatty acid methyl ester yield of 75.65 % at 120 seconds and there was no glycerol and soap resulted. However, control of reaction mechanism due to the high energetic electrons within the plasma was very difficult to be done. The important think is how to avoid continuing reactions due the action of high energetic electrons. The recommendation for operating the plasma reactor is short duration contact between the energetic electrons and the reaction mixture, but the voltage should be very high at lower current. This suggestion is purposed to avoid continuing sustained chain reactions by applying very high energetic electrons at very short contact time.
Characterization of Biodiesel Product
Resulted biodiesel, mainly composed of fatty acid methyl esters as well as other chemical formed, was characterized in terms of density, kinematic viscosity, acid number, cetane Table 4 . All parameters fulfil the requirement of biodiesel as Indonesian National Standard (Standar Nasional Indonesia -SNI-04-7182-2006) except for kinematic viscosity and density. The high viscosity of biodiesel product is due to formation of 1-hexadecanol, 9-octadecenal, and octadecanal that having high melting point. The unexcpected compounds are soluble in the biodiesel product that cause high viscosity and density. It is suggested that continuing reaction during plasma electro-catalysis should be avoided. The recommendation for applying the plasma electro-catalysis reactor is shorter duration of contact between the energetic electrons and the reactions mixtures at very high voltage and lower current.
Conclusion
The plasma electro-catalysis system was promising for biodiesel synthesis from vegetable oils due to only very short time reaction, even no catalyst required, no soap formation, and no glycerol by product. From the plasma electro-catalysis experiments, it can produce fatty acid methyl ester yield of 75.65 % at short reaction time of 120 seconds and there was no gliserol and no soap resulted. However, other chemicals may be resulted such as alkanes, alkynes, aldehydes, esters, and carboxylic acids. Control of reaction mechanism in plasma electro-catalysis was very important due to the high energetic electrons within plasma. The important idea was how to avoid continuing reactions due the action of high energetic electrons. Short duration contact between the energetic electrons and the liquid reactants was recommended, but the plasma electro-catalysis reactor should be operated at very high voltage and lower current. The purpose of the suggestion was to avoid continuing chain reactions by applying very high energetic electrons at very short contact time.
